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E-mail addresses: zgming@hnu.cn (G. Zeng), zhongCompound microsatellites consisting of two or more repeats in close proximity have been found in
eukaryotic genomes. So far such compound microsatellites have not been investigated in any pro-
karyotic genomes. We have therefore examined compound microsatellites in 22 complete genomes
of Escherichia coli, which is one of the ideal model organisms to analyze the nature and evolution of
prokaryotic compound microsatellites. Our results indicated that about 1.75–2.85% of all microsat-
ellites could be accounted as compound microsatellites with very low complexity, and most com-
pound microsatellites were composed of very different motifs. Compound microsatellites were
signiﬁcantly overrepresented in all surveyed genomes. These results were dramatically different
from those in eukaryotes. We discussed the possible reasons for the observed divergence.
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Microsatellites are repetitive DNAs composed of tandemly re-
peated short motifs of 1–6 base pairs (bp) [1,2]. As the whole gen-
ome sequence data of many organisms are now available and
various analytical tools of microsatellites are developed, microsat-
ellites have attracted a lot of attention with respect to their origin,
distribution, roles and evolution [3]. Strand-slippage theories are
frequently used to explain microsatellite distribution but alone
insufﬁcient, and other possible factors such as the interplay of
the repeat type, the genomic position of the microsatellite and
the genetic-biochemical background of the cell are thought to con-
tribute to the observed divergence of microsatellite distribution in
different organisms [4]. There are evidences that microsatellites
play important roles in gene regulation, transcription and protein
function [5,6]. Because of high polymorphisms, microsatellites
have been used as markers for studies of population genetic and
linkage association [7,8]. Microsatellites are ubiquitous in
eukaryotic [4] and prokaryotic [9] genomes but relatively rare inchemical Societies. Published by E
an Immunodeﬁciency Virus
ronmental Science and Engi-
G. Zeng).
yang@hnu.cn (Z. Tan).Human Immunodeﬁciency Virus Type 1 (HIV-1) genomes [1]. It
has been suggested that the difference of repeat frequencies be-
tween coding and non-coding regions arises from increased selec-
tion in coding regions [10,11]. Interestingly, microsatellites are
more abundant in coding regions than in non-coding regions in
eukaryotes [4,12], but on the contrary microsatellites are more
predominant in coding regions in some prokaryotes [13,14]. Micro-
satellites are variable in length and hence may affect local DNA
structure or the encoded proteins [9]. Main features of microsatel-
lites include non-random distribution, high polymorphisms and
diversity [3].
Over the past years, the distribution, evolution and roles of
microsatellites in eukaryotic and prokaryotic genomes have been
well documented, but compound microsatellites are still rarely re-
ported. Compound microsatellites are composed of two or more
microsatellites being found directly adjacent to each other. The
study associated with compound microsatellites could provide a
very good insight into the imperfection and evolution of microsat-
ellites [15]. Some compound repeats such as (dC-dA)n(dG-dT)n
have been observed in human genome, and these repeats exhibit
high polymorphisms [16]. It has been estimated that 10% of
microsatellites can be categorized as compound microsatellites in
human genome [16]. A detailed analysis of a compound
dinucleotide repeat (CG)m(CA)n in a marker D18S58 also showed
both repeats varied in length [17]. A survey of compoundlsevier B.V. All rights reserved.
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25% of all microsatellites had a composite motif [15]. Similar stud-
ies are needed for prokaryotic genomes to investigate whether the
distribution of compound microsatellites in prokaryotic genomes
is in agreement with that of eukaryotic genomes. Microsatellites
have been extensively studied in Escherichia coli (E. coli) genomes
[13], suggesting compound microsatellites may be present in
E. coli genomes. Thus, the prokaryotic model organism E. coli is
an excellent system and ideal model organism to study the distri-
bution rules, possible roles and evolution of prokaryotic compound
microsatellites. In this study, we sampled from available complete
E. coli genome sequences, and then we screened these sequences
for the presence, location, frequency and density of compound
microsatellites in both coding and non-coding regions. Our results
indicate about 1.75–2.85% of all microsatellites can be classiﬁed as
compound microsatellites, and the compound microsatellite distri-
bution of E. coli is dramatically different from that of eukaryote.
2. Materials and methods
2.1. Genome sequences
E. coli is a Gram-negative rod-shaped bacterium consisting of
various strains and serotypes which are harmless or pathogenic
[18]. Each strain has its unique characteristics at the molecular le-
vel [19]. In the present study, we analyzed compound microsatel-
lites in 22 complete E. coli genomes, ranging from 4 639 675 bp
(NC_000913) to 5 572 075 bp (NC_011353). All these genomes
have been listed in ‘Genome-level Extraction Mode’ of IMEx [20],
and were downloaded from GenBank (http://www.ncbi.nlm.nih.-
gov/). The features of these E. coli genomes including size, GC con-
tent and coding density are present in Table 1.
2.2. Compound microsatellites
To aid our systematic analysis of compound microsatellites, we
used a program called IMEx [20]. Some of previous studies focused
on microsatellites with lengths of 12 bp or more [4], and we also
used this value in our analysis. We detected microsatellites andTable 1
List of analyzed Escherichia coli genomes and overrepresentation of compound microsatell
No. Acc. no. Size (bp) GC content (%)
S1 NC_008253 4 938 920 50
S2 NC_011748 5 154 862 50
S3 NC_008563 5 082 025 50
S4 NC_010468 4 746 218 50
S5 NC_004431 5 231 428 50
S6 NC_009801 4 979 619 50
S7 NC_011745 5 209 548 50
S8 NC_009800 4 643 538 50
S9 NC_011741 4 700 560 50
S10 NC_011750 5 132 068 50
S11 NC_011601 4 965 553 50
S12 NC_002655 5 528 445 50
S13 NC_011353 5 572 075 50
S14 NC_002695 5 498 450 50
S15 NC_011742 5 032 268 50
S16 NC_011415 4 887 515 50
S17 NC_010498 5 068 389 50
S18 NC_011751 5 202 090 50
S19 NC_007946 5 065 741 50
S20 NC_010473 4 686 137 50
S21 NC_000913 4 639 675 50
S22 AC_000091 4 646 332 50
a Number of compound microsatellites.
b Observed number of compound microsatellites/expected number of compound micr
c Signiﬁcance of obs/exp on the basis of a Poisson distribution (see Section 2).compound microsatellites using the ‘Genome-level Extraction
Mode’ of IMEx. The parameters were set as follows: Type of Repeat:
imperfect; Repeat Size: all; Minimum Repeat Number: 12, 6, 4, 3, 3,
3; Max. distance allowed between any two SSRs (dMAX): 10. Other
parameters were default. No compound microsatellites were stan-
dardized. This is because we want to observe real composition and
evolutionary dynamics of compound microsatellites.
2.3. Analysis of compound microsatellite representation
Compound microsatellite representation was measured as the
ratio of the observed number of compound microsatellites to the
expected number of compound microsatellites (Obs/Exp). The ex-
pected number of compound microsatellites was calculated using
the formula given by Koﬂer et al. [15].
Cexpðm1;m2Þ ¼ 2  dMAX  Nm1  Nm2=ðG Nm  LmÞ
where Cexp(m1,m2) is the expected number of compoundmicro-
satellites having the motif m1m2 (m1 is non-identical to m2) in a
genome of length G, dMAX is the maximum distance between adja-
cent microsatellites constituting the compound microsatellite (bp),
Lm is the average length of a microsatellite (bp), Nm1 , Nm2 and Nm
are the numbers of m1, m2 and all microsatellites, respectively.
We tested the signiﬁcance of compound microsatellites based on
a both sided Poisson Distribution, by calculating cumulative prob-
ability P (XP Cexp(m1,m2)) [15].
3. Results and discussion
When detecting compound microsatellites in a genome, the
dMAX is the most inﬂuential parameter [15]. Therefore, it is neces-
sary to determine the impact of dMAX on the identiﬁcation of com-
pound microsatellites. We assessed this impact in three different
E. coli strains (E. coli 536, E. coli 55 989 and E. coli APEC O1) using
the percentage of individual microsatellites being part of a com-
pound microsatellite (cSSR-%). Our results indicated the cSSR-%
dramatically increased with the dMAX, but this increase was not
completely linear (Supplementary Fig. 1). Thus, it is very difﬁcult
to select an optimal dMAX for the identiﬁcation of compoundites.
Coding density (%) Na Obs/expb Pc
87 31 660 0
86 36 444 0
86 32 696 0
86 28 509 0
87 34 576 0
85 33 418 0
85 34 607 0
86 31 596 0
87 32 360 0
86 37 712 0
85 34 642 0
87 40 500 0
83 40 506 0
85 41 513 0
87 30 667 0
88 31 492 0
87 40 588 0
87 49 476 0
88 28 667 0
83 34 340 0
85 34 362 0
86 35 398 0
osatellites.
ig. 1. Distribution of compound microsatellites in analyzed Escherichia coli
enomes. (A) Compound microsatellite density (number of compound microsatel-
tes/Mb). (B) Occurrence of compound microsatellites in coding regions and non-
ding regions. (C) Percentage of individual microsatellites being part of a
mpound microsatellite (cSSR-%). x-Axis: S1–S22 complete E. coli genomes.
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of compound microsatellites with dMAX being set to 10 bp. This
threshold value has been used for studying compound microsatel-
lites in eight eukaryotes, and was thought to be able to provide the
maximum sensitivity for identiﬁcation of compound microsatel-
lites by allowing for mismatches in microsatellite-search [15].
3.1. Occurrence of compound microsatellites
We analyzed compound microsatellites in 22 different E. coli
genomes. As a result, 28–49 compound microsatellites were found
in each of surveyed genomes (Table 1). E. coli UTI89 (NC_007946)
and E. coli ATCC 8739 (NC_010468) had the lowest number of com-
pound microsatellites, whereas E. coli UMN026 (NC_011751) had
the highest. Compound microsatellites were 340–712-fold over-
represented in complete E. coli genomes, which suggested that
they were not likely to emerge by chance. To allow comparison
among genome sequences of different sizes, we normalized the to-
tal numbers for all compound microsatellites as percentage or
number of repeats per Mb of sequence (compound microsatellite
density). A more-or-less similar density of microsatellites (644.6–
675.7 microsatellites/Mb) and compound microsatellites (5.5–9.4
compound microsatellites/Mb) was observed in analyzed E. coli
genomes, respectively (Supplementary Table 1; Fig. 1A), regardless
of whether these genomes belonged to different strains or sub-
strains. The complete genome of E. coli UMN026 (NC_011751)
had the highest compound microsatellite density (9.4 compound
microsatellites/Mb) and E. coli UTI89 (NC_007946) showed the
lowest (5.5 compound microsatellites/Mb). In an attempt to ana-
lyze the distribution of compound microsatellites more clearly,
we characterized the difference between the occurrences of com-
pound microsatellites in coding and non-coding regions. Our anal-
ysis indicated that compound microsatellites were richer in coding
regions than in non-coding regions (Fig. 1B). A higher number of
compound microsatellites observed in coding sequences than in
non-coding sequences may be attributed to very high coding den-
sities of E. coli genomes (Table 1). The highest cSSR-% was found in
NC_011751 (2.85%), followed by the NC_010498 (2.43%), and the
lowest was in NC_010468 (1.75%) (Fig. 1C).
Despite overall similarity of compound microsatellite distribu-
tion (number, cSSR-% and density), the completely same distribu-
tion pattern was not observed between any two surveyed E. coli
genomes. These differences might be caused by the parameters
‘genome size’ and ‘microsatellite density’. It appears that the longer
genomes contain more microsatellites than do the shorter gen-
omes [21]. In contrast to this, microsatellite frequency is negatively
correlated with genome size in plants [11,22]. However, more and
more evidences indicate that the total microsatellite contents are
not directly proportional to the genome sizes in many organisms
[1,12]. Over the past years much has been learned about the rela-
tionship between genome size and distribution of microsatellites,
but still very little is known about the association of genome size
with distribution of compound microsatellites. To test whether
the genome size had a signiﬁcant inﬂuence on number and density
of compound microsatellites, linear regression was carried out.
Number of compound microsatellites (R2 = 0.294, P < 0.05) weakly
correlated with the genome size. Weaker correlation was observed
between density of compound microsatellites and genome size
(R2 = 0.023, P < 0.05) in analyzed E. coli genomes. The parameter
‘microsatellite density’ had a weakly positive inﬂuence on number
(R2 = 0.128, P > 0.05) and density (R2 = 0.214, P < 0.01) of com-
pound microsatellites. However, microsatellite density had a sig-
niﬁcant inﬂuence on compound microsatellite density in
eukaryotes [15]. Weaker association of microsatellite density with
the distribution of compound microsatellites in E. coli genomes
than in eukaryotic genomes may be due to the fact that theseF
g
li
co
cotwo types of organisms have different DNA polymerases and repli-
cation methods [15].
3.2. Compound microsatellite complexity
Compound microsatellites are composed of two or more
adjacent individual microsatellites (cSSRs). Therefore, the
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complicated due to variable number of cSSRs. We term the
m1xnm2 ‘2-microsatellite’ and the m1xnm2xtm3 ‘3-micro-
satellite’ compound microsatellite [15]. Analysis of compound
microsatellite complexity indicated that all surveyed E. coli gen-
omes were rich in ‘2-microsatellite’ compound microsatellites, fol-
lowed by ‘3-microsatellite’ compound microsatellites. In general,
the number of compoundmicrosatellites became less and less with
the increase of complexity in each surveyed complete genome (Ta-
ble 2). No very large compound microsatellites were observed in
E. coli genomes. The largest compound microsatellites were com-
posed of three cSSRs, showing a lower complexity in E. coli than
in eukaryotes [15]. To date, there are no available explanations
for the lower complexity of compound microsatellites in E. coli.
Genome size may be taken into account, due to the fact that larger
genome generally contains relatively more microsatellites and thus
may increase the frequency of adjacent microsatellites by chance.
Furthermore, among E. coli genomes, most microsatellites occurred
in the coding regions in which selection against framshift mutation
limited expansion of microsatellites other than triplet repeats [11],
and therefore there might be length and complexity constraints in
relation to functional importance as compared to higher
eukaryotes.
3.3. Motif and structure of compound microsatellites
Compound microsatellite is believed to mostly originate from
imperfection in microsatellites in eukaryotes, and its individual
microsatellite motifs exhibit very high similarity [15]. To assess
whether the individual microsatellite motifs constituting the com-
pound microsatellite in E. coli genomes were also very similar, we
investigated the composition and structure of compound microsat-
ellites (Supplementary Table 2). Among all 22 complete E. coli gen-
omes, the most abundant compound microsatellite motifs were
(GGT)4-x6-(GCC)4, (GCG)4-x5-(GGC)4, (CCTGA)3-x0-(TGCA)3 and
(ATCC)3-x9-(AATG)3. CTG-CAG compound microsatellite composed
of self complementary motifs has been proposed to be created by
recombination [23]. However, our study showed no compound
microsatellites contained self complementary motifs, suggesting
these compound microsatellites were not likely to be derived from
recombination in E. coli genomes. Most compound microsatellites
were composed of very distinct motifs with two or more different
bases. In sharp contrast to this, almost all compound microsatel-
lites consisting of two cSSRs had very similar motifs in eukaryotes
[15].
In conclusion, the knowledge about the biological signiﬁcance
of compound microsatellites is blank to date in prokaryotes. Com-
parative analysis of compound microsatellites in various E. coli
genomes is possible to be helpful in understanding their origin
and roles. Our study showed compound microsatellites were com-
mon features of diverse E. coli genomes. Our analyses also indi-Table 2
Compound microsatellite complexity in analyzed Escherichia coli genomes.
c.c.a c.c.a c.c.a
No. 2 3 No. 2 3 No. 2 3
S1 28 3 S9 31 1 S17 38 2
S2 34 2 S10 35 2 S18 48 1
S3 28 4 S11 31 3 S19 25 3
S4 28 0 S12 39 1 S20 33 1
S5 32 2 S13 39 1 S21 33 1
S6 31 2 S14 40 1 S22 34 1
S7 32 2 S15 27 3
S8 29 2 S16 30 1
a Compound microsatellite complexity which indicates the number of cSSRs [15].cated that compound microsatellites were diverse in the form of
motif and complexity. It has been demonstrated that microsatellite
distribution of eukaryotes is signiﬁcantly different from that of
prokaryotes [4,9,14]. Likewise, we also observed dramatic differ-
ences among compound microsatellite distribution between
E. coli and eukaryotes in three aspects [15]. First, in general, the
number of compound microsatellites in E. coli genome was rela-
tively less than that in eukaryotic genomes. This can be expected,
since the genome sizes of eukaryotic genomes are generally larger
than those of E. coli. Second, weaker association of microsatellite
density with the distribution of compound microsatellites was ob-
served in E. coli genomes than in eukaryotic genomes. Third, com-
pound microsatellites showed a lower complexity in E. coli than in
eukaryotes. Dramatic differences found in compound microsatel-
lite distribution between E. coli and eukaryotes suggested that fun-
damental differences between these two types of organisms in the
mechanisms of formation and ﬁxation of compound microsatel-
lites. We have speculated these differences might partly arise from
their different genome features, mismatch repair systems and rep-
lication methods. Further studies related to compound microsatel-
lites in whole prokaryotes are in progress to systematically and
roundly reveal the nature and evolutionary dynamics of prokary-
otic compound microsatellites.
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